In this study, an effort has been made to choose an appropriate tool pin profile and rotational speed for a tool using a submerged friction stir processed hot rolled AZ31B magnesium alloy. A defect free process region was obtained using a novel tool shoulder, which consisted of a scroll. Three tool pin profiles, namely, simple cylindrical, stepped cylindrical and stepped square pin have been used. Tensile properties and fracture behavior revealed defect free friction stir processed specimens. The microstructural studies reveal the possibility of producing a defect free processed region using the stepped square pin tool geometry. The presence of fine recrystallized grains (1.99 µm) and the absence of defects in the processed region lead to higher hardness and superior tensile properties.
Introduction
Magnesium (Mg) alloys have been used in structural applications owing to their distinctive properties like high strength, good castability and low density. In some industries the use of magnesium alloy is very limited due to its poor workability and limited number of existing slip systems in the hexagonal close-packed structure [1] [2] [3] . Magnesium alloy has found application in structural components such as aerospace and automobile industries [4] [5] [6] For example, magnesium parts are used in various vehicles in automotive industries such as Benze, Chrysler Jeep, Renault 18 Turbo and Ford light truck vehicles. The usage of magnesium alloy has reduced fuel consumption, due to the light weight of the engine 7 . A variety of surface modification techniques have been used for improving the structural strength and grain refinement of various alloys, including, thermomechanical treatment (TMT) 8 , high pressure torsion (HPT) 9 , equal channel angular processing (ECAP) 10 , accumulative roll bonding (ARB) 11 , friction stir processing (FSP) 12 , etc. Among the currently known processing techniques in industry, Friction Stir Processing (FSP) is an advanced process for changing the microstructure of the processed alloy 13 , which leads to the rearrangement of the structure and alter the grain size, which have been developed already through the use of the technique of Friction Stir Welding (FSW), introduced by TWI Ltd, United Kingdom in 1991. The FSW/FSP consists of a non-consumable tool with a shoulder and a pin which inserted into the workpiece for improvement in microstructure and mechanical properties of various alloys.
The stir zone (SZ) involves great microstructural changes, whereby a fine grain equiaxed microstructure is created by recrystallization 14 . As a result, FSP tool parameters play a vital role in obtaining superior mechanical properties. FSP parameters, namely, tool pin geometry, tool rotational speed and tool traverse speed are required for controlling the flow of material. Among these various parameters, the pin profile tool has an important role in the improvement in the material toughness or flexibility in the specific field of microstructure in magnesium alloys. Recently, a few researchers have indicated the possibility of using different tool pin designs which can make a significant improvement in hardness, grain refinement and microstructure changes of the FSP/FSW on magnesium alloy [15] [16] [17] and aluminum alloy 18 . The pin, or probe, and the shoulder are the main mechanisms. The main purpose of using the tool in the processing is to heat the workpiece due to friction, stirring deformed materials and moving the plasticized material under the tool shoulder and to produce the welded joint. The effect of square pin tool and cylindrical pin with threads tool pin geometries were considered in terms of the microstructure and mechanical strength of FSW joints of copper alloy and the test results revealed the presence on a finer recrystallized grain structure in the square pin tool and better mechanical properties compared to threaded cylindrical pin 19 . Other studies have also confirmed the achievement of higher tensile strength by square pin and triangular pin compared to the welded sample using the cylindrical, taper and threaded tool pin profiles 20 . On the other hand, the scrolled shoulder tool has been found to be more effective than the conical pin for improving welding strength. However, both geometries require a optimum rotational speeds for avoiding internal defects. There was a greater grain refinement, higher hardness and improved strength in the stir zone using the scrolled tool geometry 21 . Submerged friction stir processing (SFSP) is a new variance to FSP. The stirred zone of the SFSP sample presented fine and homogeneous grain growth when compared to FSP sample. It was due to limited recrystallization and grain growth seen in the magnesium alloy when cooled under water 22 . Fang Chai et al 23 have conducted experiments on Submerged Friction Stir Processing (SFSP) of magnesium AZ91 light-weight alloy. They have noticed, FSP presenting a better material flow under submerged conditions than under the normal conditions (air). Rathinasuriyan et al 24 have conducted submerged friction stir welding at different rotational speeds of 800, 1000 and 1200 rpm and water heads of 10 and 20 mm, respectively, with the traverse speed and axial load maintained constant. A higher value of hardness was achieved from the submerged friction stir welded sample compared to the normal FSW sample due to higher cooling rate. Douglas et al 25 did investigation on SFSP for magnesium alloy, where water was used as a medium in SFSP with production of better grain refinement than in air. Later authors [26] [27] have carried out experiments under a submerged condition. The results of such experiments indicate better results produced by submerged combination than from the conventional FSP/FSW. The mechanical and microstructure changes in the submerged welding/ processing have resulted in improved properties over the conventional FSW/FSP material. The above studies have established SFSP as one of the important processes for obtaining improvements in the mechanical properties and grain refinement of the materials. Limited research has also been carried out in SFSP of AZ31B magnesium alloy using various tool pin design resulting in getting the mechanical properties and microstructure refinement.
In this study, SFSP with of scrolled shoulder stepped tool pin profiles of several types (Scrolled Cylindrical-SCL, Scrolled Stepped Cylindrical-SSCL and Scrolled Stepped Square-SSSQ) have been used. The effect of the tool rotational speed has been studied and the resulting mechanical properties, microstructural and fracture behavior studies have been discussed.
Materials and Methods
Extruded AZ31B magnesium plates of 250 mm x 200 mm x 6mm thickness have been used in this investigation. Table 1 and Table 2 present the mechanical properties and elemental composition of AZ31B magnesium alloy used. A tool shoulder diameter of 24 mm with varying pin profiles, including a Scrolled Cylindrical (SCL), a Scrolled Stepped Cylindrical (SSCL) and a Scrolled Stepped Square (SSSQ) were fabricated using H13 tool steel. They had hardness of approximately 60 HRC. Based on the previous experimental work 28 , the shoulder diameter of 24 mm was used for getting a defect free process region. A scroll was introduced in the entire tool shoulder surface for facilitating microstructural changes. This reduced the tunneling defect in the processed workpiece 26 . This is a novel feature of the present investigation. The tools used for the preparation of the tool pins and fabricated pin profiles are presented in Fig. 1 . The experiment was carried out in an indigenously made friction stir processing machine (servo controlled, Make: Creative Automations) under submerged condition. Water was used as a medium for submersion. The workpiece material is used for conducting the experiment, consisted of AZ31B magnesium plates. SFSP was conducted on the surface of AZ31B alloy sheets of 6mm thickness. The FSP tool is mounted on the FSW/FSP machine (3 axis servo controlled) and the extruded AZ31B plates were placed using a specially fabricated fixture, which was kept inside an acrylic tank and fixed to the machine table. The experimental set-up and the firmly clamped workpiece are shown in Figs. 2 (a) and (b) . Three different tool rotational speeds and tool pin profiles have been considered for this study. All the processes were carried out for a single pass with a constant traverse speed of 60 mm/min, which produced superior mechanical properties. The levels were chosen on the basis of the findings seen in available literature and the availability of the machine. The responses considered for analyzing the submerged friction stir processed plates were Ultimate Tensile Strength (UTS), Microhardness (HV 0.5 ) and % Elongation. Tensile test was conducted using INSTRON of universal testing machine with a capacity of 50 KN. A standard tensile test specimen with 20mm length and a width of 6mm was cut using wire-cut EDM through the ASTM standard E 2448. The tensile specimen used for conducting experiments and the dimension of the specimen used are presented in Fig. 3 .
Hardness of the specimen was measured using a Vickers hardness tester. The parameters, namely, % elongation and UTS were measured using a computer interface. SFSP is 
Results and Discussion

Evaluation of Mechanical properties
The engineering stress-strain curves of the SFSP samples at various rotational speeds, tool pin profile with a constant traverse speed are shown in Figs. 4 (a-c) .
Figs. 5(a-c) summarizes the tensile properties for all cases. Among the various samples, the sample was fabricated under the condition of tool rotational speed of 1000 rpm, tool pin profile of SSSQ, which has exhibited a higher ultimate strength of 245 MPa, elongation of 23.46% and micro-hardness of 112 (HV 0.5 ). This was possible due to the heat produced during the high speed of rotation at this particular traverse speed. Grain size was found to be small in the same condition. This played a major role in the determination of the tensile strength of the processed AZ31B magnesium alloy. The confinement time of the ploughed material in the shoulder profile had an effect on the softening of the ploughed material. The degree of softening and subsequent cooling determines recrystallization. The confinement time of the ploughed material in SSSQ tool was found to be more than for the other tools, since, the escape of ploughed material from the SSSQ tool cavity was difficult, when compared to concave shoulder tool concavity. This has favored considerable achievement in ductility with SSSQ pin profile, considering its leading to the fine grain size due to an unusual Hall-Petch effect 29 . The error bars of the tensile strength, hardness and elongation were calculated using standard deviation method as shown in Fig. 6 . The maximum error values of tensile strength, hardness and elongation were 7%, 5.93% and 7.21% respectively. These error values were within the acceptable limits. So that the experimental values of tensile strength, hardness and elongation in trial 1 are good agreement within trial 2 or trial 2 has good agreement with the experiment trial 1. SFSP is one of the important techniques used for improving the formability characteristics of AZ31B magnesium alloy. Processing the samples using different pin profile affects their mechanical properties, since they are directly related to the thermal fields and the microstructure obtained thereof.
Micro-hardness study
The vicker's micro-hardness of the SFSP samples processed using different scrolled pin profiles was measured across the processed zone at the middle. The results are provided in Figs. 7 (a-c) . The micro hardness of raw metal was seen as 72 (HV 0.5 ). The SSSQ pin geometry at 1000 rpm exhibited higher hardness of 112 (HV 0.5 ) in the stir zone, which is compared with their counterparts. The reasons were: (1) Decrease in the size of the grain in the processed region during the use of SSSQ tool pin. This was also stated by (Amirafshar) that the FSP increases material dislocation density thereby the grain and sub-grain boundaries because the main obstacles to the slip of dislocations. Hence the materials with finer grain size would have higher hardness or strength as they impose additional restrictions on the dislocation movement 30 .
(2) According to Orowan strengthening mechanism, the intermetallic particles also help in improving the hardness 31 . The difference in hardness between the various samples due to the difference in grain change in the stirring zone. At a specific condition (1000 rpm, SSSQ pin profile), the tool provides optimum plastic deformation, which leads to more grain refinement. Further, increase in the rotational speed (1200 rpm) increases the grain size and decreases the micro-hardness, which is supported by previous literature 32 .
Macrostructural Studies
Generally, FSP/FSW are free from these defects since there is no melting taking place during welding or processing and the metals are joined in the solid state itself considering the heat produced by the friction and flow of metal by the stirring action. However, FSW joints are prone to other defects like pinhole, tunnel defect, cracks, piping defect etc. due to inadequate flow of metal and insufficient consolidation of metal in the FSW region 8 . Hence, the processed samples in this examination were analyzed at low magnification (10) using an optical microscope for revealing the quality of SFSP region at a rotational speed of 1000 rpm and traverse speed of 60mm/min and they are presented in Table 3 . The figures do not show any voids or cracks on the surface and cross-section of the processed specimen. However, comparing Table 3 (a, b with c)), the SCL tool shows creation of excessive flash (shown by arrows), especially on the retreating side (RS), while the surface of the other two specimen exhibits a very smooth quality and particular rings without any prominence or depression Table 3 (c).
Microstructure Analysis
The microstructure of AZ31B magnesium alloys was analyzed using an Optical Microscope (OM) and Scanning Electron Microscope (SEM) images. The microstructure of the base metal observed before the Table 3 . Macrostructure and observations of processed region at 1000 rpm.
Processed view
Macrostructure of cross section Summary SCL •Flash appears in processed region.
•Tiny flaws at retreating side (RS).
•Heat evolved and metal flow in the processed zone.
SSCL
•Small pin holes.
•Very narrow FSP region.
•Insufficient stirring action of tool.
SSSQ •No Defects
•Formation of onion rings.
•Heat evolved as per the requirement and sufficient metal flow.
SFSP process is presented in Fig. 8(a) . It shows the recrystallized grains of primary magnesium solid solution with particles of Mn-Al as dark phases. Fig. 8(b) shows the microstructure of the AZ31B magnesium alloy using SEM, which indicates the compounds of elongated coarse grains structure.
The effects of various forms of tool pin geometry in submerged conditions on the resulting microstructure at three different zones in the cross-section of AZ31B alloy with a1000 rpm rotational speed and traverse of 60 mm/ min are presented in Fig. 9(a-i) . Based on the observations, general defects such as voids and cracks are not observed within the processed region arising as a result of severe and rapid deformation, while sound stir zones (SZ) were obtained by all the applied pin designs. The SZ consisting fine grains with an interface between stir and thermomechanical affected zones (TMAZ) were seen as free from any prominent defects. Grains in the (TMAZ) have been highly extruded and were seen with substantial elongation for all the considered workpiece. This is due to the heat and mechanical action. There is a small change due to the stirring process Figs.8 (b, e and h ) 33 . When compared with SCL and SSCL, SSSQ tool pin profile resulted in clear microstructure. It containing very fine particles of primary and secondary phases with evident uniform dispersal. However, much finer grains were achieved for SSSQ pin due to optimum heat supply and stirring action. During processing, the heat affected zone did not undergo any plastic deformation, as it experienced only thermal cycles. The sample displayed similar grained microstructures as base metal Figs. 9(c and f). Figs. 9(a-i) indicate coarse grain and the microstructure observed for three different tool pin profiles at optimal processes parameter condition.
Results for grain size of the base alloy Fig 8(b) and dynamic re-crystallization of AZ31B produced by these tests are shown in Fig.(10) . These prove that the base alloy had a nonhomogeneous microstructure with an average grain size of 41.30µm. The SEM images indicate a microstructural change taking place in which, the coarse grains structure in the base alloy was modified into a substantial fine grain structure in the stir zone of the processed samples. These results could be attributed to a decrease in grain size and uniformity and change in the value of Mg17Al12. Comprehensive elimination of the Mg17Al12 phase arisen from the FSP process was reported by Venkateswarlu et al. 34 . The scrolled shoulder stepped pin profile produced a higher fine grain structure Fig. 10(c) when compared to the other tool pin profiles Figs. 10 (a-b) . The average size of grains resulting from scrolled pin of SCL.SSCL and SSSQ were 8.48 µm, 4.90 µm and 1.99 µm, respectively. Reduction in the process temperature with cooling system and lowering the total time of the process resulted in more uniform and smaller grain size of microstructure. The same result was observed by Darras and Kishta 30 , in submerged friction stir process of AZ31. These ultra-fine grains are also proved by micro-hardness tests. The typical micro-hardness reading, hardness, consistent to the ultra-fine stir zone of the SFSP specimens are presented in Fig.7(b) . The higher hardness value approximate 112Hv, which is significantly higher than that of other pin profiles and received material.
Fracture analysis
The fracture surface of the base metal, SFSP processed samples using SCL, SSCL and SSSQ pin profiles are shown in Table 4 . The base metal shows the existence of the different fracture modes like cleavage type fracture Except for the base metal, all the remaining samples were processed using SFSP that provided the ductile mode of fracture by micro void coalescence. The fracture surface for the scrolled cylindrical and scrolled stepped cylindrical samples were also found to be more flat suggesting a little higher ductility, when it is compared to the base metal. On the other hand, large size dimples were formed on the sample produced using Scrolled Stepped Square pin profile (SSSQ) by revealing higher ductility 19 . The joints welded at higher heat input conditions resulted in more ductile fracture mode than that of the joints welded at lower heat input conditions. The fractured surface of the sample shows the shallow dimples, which leads the higher tensile strength and ductility.
Conclusion
Investigations on the role of submerged friction stir processing of AZ31B magnesium alloy have been carried out and the results obtained are summarized as follows.
1. Cylindrical, Stepped Cylindrical, and Stepped Square pin tool geometries are effectively relevant for producing defect free processed material. 2. Among the different pin profiles which are used, the ultra-fine grain size of 1.99µm is attained with SSSQ pin profile which was the least compared to the size of 8.48µm and 4.99µm was obtained with SCL and SSCL respectively. Hence, the maximum grain alteration attained was 1.99 µm by SSSQ pin considering the grain size of 41µm for the received material before processing. 3. The microstructure evaluation obtained by SSSQ pin in SFSP with the tool rotational speed of 1000 rpm and traverse speed of 60mm/min resulted in tensile strength, elongation and micro-hardness of 245MPa, 23.46% and 112 (HV 0.5 ) due to its pulsation effect leading to a higher degree of plastic deformation, higher heat input and the effect of the shoulder geometry on the grain size of NZ in the processed material.
4. Cleavage type of fracture mode existed in the received base material and ductile fracture morphology for SCL and SSCL, whereas, a completely dimple like fracture mode to existed in SSSQ pin profile.
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